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NMOS Reversible Energy Recovery Logic for
Ultra-Low-Energy Applications

Joonho Lim, Dong-Gyu Kim, and Soo-lk Chadember, IEEE

Abstract—We propose a new fully reversible adiabatic logic,
nMOS reversible energy recovery logic (nRERL), which uses
nMOS transistors only and a simpler 6-phase clocked power. Its
area overhead and energy consumption are smaller, compared
with the other fully adiabatic logics. We employed bootstrapped
nMOS switches to simplify the nRERL circuits. With the simula-
tion results for a full adder, we confirmed that the nRERL circuit
consumed substantially less energy than the other adiabatic

logic circuits at low-speed operation. We evaluated a test chip < LD » kq_&p
implemented with 0.84y:m CMOS technology, which included et

a chain of nRERL inverters integrated with a clocked power \
generator. The nRERL inverter chain of 2400 stages consumed SE— E— T
the minimum energy at Vaa = 3.5 V at 55 kHz, where the Frequency

adiabatic and leakage losses are about equal, which is only 4.50% @)

of the dissipated energy of its corresponding CMOS circuit at
Vaa = 0.9 V. In conclusion, nRERL is more suitable than the
other adiabatic logic circuits for the applications that do not
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I. INTRODUCTION 5 —r
5}
ESIDES leakage loss, the adiabatic circuits have two types oy \
of energy consumption: adiabatic loss and nonadiabatic v ,
loss. The adiabatic loss always exists if there is charge transfer r;s;‘mcy

through a turned-on switch. This loss, which is unavoidable for
any logic operation, is inversely proportional to the transitiofig. 1. (a) Energy curve for a quasi-adiabatic circuit. (b) Energy curve for a

fully adiabatic circuit. LD, ND, and AD stand for the leakage-loss-dominant,

time of the clocked power if the clock transition time is suffi- ane ; S . . .
nonadiabatic-loss-dominant, and adiabatic-loss-dominant regions, respectively.

ciently larger than the time constant of the circuit [1]. This adia-

batic-switching condition must be satisfied for proper operatiog y,q ¢jocked power is too short, the adiabatic circuit does not
In contrast, the nonadiabatic loss occurs only if there is NONZ&(R: ction properly. Therefore, there exists the minimum clock
yoltageémfferer;]c.:e bethgnbthg t\llvo tem;:_ne;\lzofaswngh whe dndtcmsition time for an adiabatic circuit. With SPICE simulation,
iturne o'n.Tf IS honadia at'g OSS":"I'C OT;S nort1 er;énbwg found the ratio of the minimum clock transition time to the
It € o_?er:atlng requepcy, can (_erlnuc a(ljrgert an the adiabafige_constant frequency for several adiabatic circuits: about
oss it the operatl_ng requency Is lowered. 1 for 2N-2N2P [2] and SCRL [3], 3.5 for transmission-gate
We can classify the adiabatic circuits into two classeﬁERL (tRERL)[4]-[6], and 4.2 for nRERL. In all the simula-
quasi-adiabatic circuits, which have nonadiabatic loss, aﬂgns in this paper, we used the SPICE parameters for a.8-
fully adiabatic c!rcuits, which do not have any nonadiabati MOS technology, with which a test chip was fabricated. We
lOS,S' nge, we !USt cons.|.der'the freguency range wherg fil refer to the RERL [4]-[6] as tRERL to distinguish it from
adiabatic-switching condition is satisfied. If the rise—fall time RERL
In the quasi-adiabatic circuits [2], [7]-[9], we can divide
Manuscript received April 23, 1999; revised January 5, 2000. Thisworkw&@e_ range of operating frequency Into three regions. adia-
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the adiabatic circuits. If the operating frequency is lowered in
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S.-l. Chae is with the School of Electrical Engineering, Seoul National Un|- . . .
versity, Seoul 151-742, Korea (e-mail: chae@sdgroup.snu.ac kr). reduced linearly. If the operating frequency is lowered further,

Publisher Item Identifier S 0018-9200(00)04449-8. the energy consumption remains constant because the circuit

0018-9200/00$10.00 © 2000 IEEE

Authorized licensed use limited to: Seoul National University. Downloaded on August 24, 2009 at 01:51 from IEEE Xplore. Restrictions apply.



866 IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 35, NO. 6, JUNE 2000

is in the nonadiabatic-loss-dominant region. If the operating logic switch
frequency is lowered continuously, the circuit goes into the 9, { Mg | output

leakage-loss-dominant region so that the energy consumption \ ; M 1
2 :

is increased.

In the fully adiabatic circuits, which employed the reversible )
logic to eliminate the nonadiabatic loss virtually [3]—[6], there 5%
are only two distinct regions: adiabatic-loss-dominant and
leakage-loss-dominant regions as shown in Fig. 1(b). Because P | X
the energy consumption is increased in the leakage-loss-domi- Mi
nant region if the operating frequency is lowered, the energy POM; I
consumption can be reduced until the adiabatic loss is com- e ’
parable to the leakage loss. The circuit operation in the
leakage-current level is attractive for the ultra-low-energy
applications. However, the complexity of the fully adiabatic 41, T
circuits is high because they have both forward and backward .
logic paths due to reversible logic. Consequently, they require a Vinput
larger silicon area. Furthermore, the number of phases required
in the clocked power is large. For example, the number of AVy
required clock rails is 24 in split-level charge recovery logic
(SCRL) [3], and 8 in both tRERL [4]-[6] and Patra’s work [10].
To make a fully adiabatic circuit more competitive, its circuit Do Vst
complexity must be reduced further as well as its clocked i
power.

In the fully adiabatic circuits, there are two types of switches
in a logic stage: logic and isolation. Logic switches are used !
to implement a logic function and isolation switches are (b)
used to ConljleCt or dlscqnnem an (_)utput _nOde to/from EIS 2. A bootstrapped nMOS switch. (a) A logic switch and an isolation
energy-charging path and its energy-discharging path. To aV@\Kthch. (b) Their node waveforms awh-oFF diagram.
nonadiabatic loss due to the signal degradation, the transmission
gates have been used for both the isolation switch and the logic ) ) .
switch [1], [3]-[6], although their area overhead is relativelﬁrgy consumption ofabpotstrapped switch foraglvc_anth_reshold
large. However, recently Tzartzanis used a bootstrapped nm¥a@ge. We also explain how a bootstrapped switch is used
switch instead of a transmission gate as a logic switch becalls&§RERL to eliminate the nonadiabatic loss. To eliminate the
a bootstrapped switch, which consists of two nMOS transistofkqnad'abat'c loss in the adiabatic glrcwts, each s_W|tch should
occupies less area and has lower turn-on resistance [11], [12]€ tUrned on or off only when there is no voltage difference be-

Patra [10] also mentioned briefly the implementation of gv:aen its t\{voht_ermig{allg, Whi%h W il tl)e rzge_r.r ed o ashthe iero-
fully adiabatic circuit with an 8-phase clocked power by usin oltage switching ( ) condition. In addition, we show how

the bootstrapped switch. In this paper, we propose nRERIS energy consumption is changed when the supply voltage and

which is a simpler fully adiabatic logic with a 6-phase clocke e transistor size are scaled.

power. We use only nMOS transistors in nRERL by utilizin ) )

the bootstrapped switches instead of the transmission gafes OPeration of a Bootstrapped Switch

Therefore, we can reduce the energy consumption substantiallyA bootstrapped switch in NnRERL consists of two nMOS tran-

because a bootstrapped switch requires less area and has Ieistors: a logic switch M and an isolation switch Mas shown

turn-on resistance, compared with a transmission gate. in Fig. 2(a). Assume that all the nodes in Fig. 2(a) are low ini-

In Section Il, we explain the nMOS switches used in nNRERIUially. If the input is low, Mg is off. Therefore, the output stays

We describe the operation of an nRERL buffer and its clockidgw while the clocked poweg is rising.

method, and present the simulation result of an nRERL full When the input is charged up slowly, the node X goes up

adder in Section Ill. We explain a 6-phase, clocked power geia- aboutVyq — Vi, and isolation switch Mis turned off so

erator in Section IV. We present the experimental results of ttieat the node X is in the high-impedance state. Concurrently,

test chip in Section V, which is followed by the conclusion itogic switch Mg becomes on without nonadiabatic loss because

Section VI. both the two terminals); and output, are grounded, as shown in
Fig. 2(b). Here}; 1, denotes the threshold voltage with the body
effect when the isolation switch Ms off and its drain-to-sub-

Il. BOOTSTRAPPEDSWITCHES IN NRERL strate voltage i¥4q. Then, whilep; is rising, X is boosted due to
the capacitive coupling. Assume that X is boosted to the voltage
In this section, we describe the operation and energy cdrigher than about,y + Vi1, S0 that the output follows; ex-
sumption of a bootstrapped switch in a fully adiabatic circuiaictly without degradation. Whileé; is falling, X is discharged
Then we derive the optimal supply voltage for the minimal eback toVyq — Viup.

=) &<

=<

d Vmb

og:<o
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When the input is falling, isolation switch Ms turned on T
without nonadiabatic loss because its two terminals, both the
input and X, are aV,q — Viup,. Note that the input must negt
fully without any edge overlapping in the bootstrapped switch,
as shown in the clock timing in Fig. 2(b).

—&— simulation

—tr—eq. (2)

B. Energy Consumption in a Bootstrapped Switch

In Fig. 2(a), when the input is rising, the isolation switch is & ! I M
first in the linear region, in which it consumes adiabatic loss 5 . % Eam = S
(_‘ L

only. Then the isolation switch goes into the saturation region,
where itsVps becomes larger since its drain voltage increases PO P EPRUENEI VRPN VRN R B
but its source voltage remains néaj; — Viy,. According to 4 45 5 55 6 6.5 7
the simulation results, the energy consumption in saturation re
gion, which does not depend on the clock transition time in the m
low-frequency region, is nonadiabatic. Futhermore, this nona- (@)
diabatic loss is substantially larger than the adiabatic loss con Ll - ,
sumed in the linear region. However, this nonadiabatic loss i< i l
substantially smaller than that in quasi-adiabatic circuits, which - i —e— simulation
is negligible in the total energy consumed in an nRERL circuit s
in a low-frequency region. Therefore, its energy dissipation per
cycle is represented as
2R.,Cr, 9
Eaiss = ——CrVyq + VaadieakkT (1) ,A/A/A/A
T UM

whereR,,, is the turn-on resistance of the switcl, is the load W
capacitance, and..x is the leakage currenk is the number i ;
of phases that a large sub-threshold leakage current flows in ) S N S
cycle, andl is the transition time of clocked power, which is 4 4.5 5 55 6 6.5 7
the duration of a phase [6].

According to (1), there is a single optimal transition time, ()
where the switch consumes the minimum energy because aﬁa_s (a) Turn-on resistance and (b) energy consumption in a bootstrapped
batic and leakage losses are equal [5], [6]. Although (1) is Valriﬁﬂbé switch. The operating frequency is 200 kHz, where adiabatic and leakage
only for a bootstrapped switch, the behavior of energy consurrigsses were about equal.
tion in a complex nRERL circuit will be similar because the ma-

jority of an nRERL circuit consists of the bootstrapped SWitCheé‘rrcuits and its maximum leakage occurs whép of the isola-

The turn-on resistance of a switch is a functionV@ii. The o, switch is aboutyy,,. Therefore, we used its average value,
turn-on reS|stan_ce of abootstrapped switch considering the chlig/ak, for simplicity, which depends on the device technology.
effect is approximated as The energy-optimal supply voltage scaling can be obtained by
1 solving(8E i /dm) = 0 from (3). Then, for a given threshold
Blam — 26) Ve 2 voltageV;y,, we find the energy-optimal supply voltadgg, =

Mopt ‘/tho ’ when

on Resistance (kOhm)

—n—eq. (1)

09 L

0.8

Energy Consumption (fJ/cy

m

Ry, ~

wherea = (1 + b)/27 /3 = Nncn/L27 S(m) = Vthb/Vthov

m = Vaa/Vine, L is the channel lengthy,, is the charge mo- —— 3¢

bility, and C,, is the gate capacitance of the nMOS transistor. BT g

The boosting factob is defined as’; /(Ce + C'x ), whereCg

is the gate capacitance bfy andC'y is the capacitance to theHere,¢’ is the differentiation of to m.

ground of the nodéX . If the routing capacitance of the node The turn-on resistance of a bootstrapped switch and its energy

is negligible,C'x equals taCy, the diffusion capacitance of theconsumption per cycle are shown as a functionoih Fig. 3,

isolation switchM;. which were obtained from the SPICE simulation and the derived
With the optimal transition time derived in [6] and the turn-oi¢duations. Here, we used the following parameters: 0.84,

resistance in (2), the minimal energy consumption is approd-= 1.05 MAV 2, & = 0.65 V, v = 0.5 V**, C, = 0.1 pF,

(4)

mated as Tieax = 50 pA, k& = 3, and Vi, = 0.74 V. Note that the min-
imum of the energy consumption occurs whens about 4.7
B 8km3 e C2V3 3 in both (4) and the simulation results. Whenis below about

mm = Blam — 2€) ®) 4.3, the energy consumption increases sharply because the boot-

3 strapped switch is not turned on always during each clock tran-
wherel .,y is the average leakage current. The sub-threshdiion, which increases its equivalent turn-on resistance substan-
leakage current of an isolation switch is dominant in the nRERlally.
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Fig. 4. (a) Bootstrapped switches used in nRERL. (b) Waveforms of the internal nodes-arédiagram forM g and,. (c) A modified bootstrapped nMOS
switch for large capacitandgy . (d) The node waveforms of some internal nodes anedtherrFdiagram ofM+. The waveforms of the nodes omitted in (d) are
equal to those in (b). In (& —, B—, LS, and IS are forward, backward, logic switch, and isolation switch, respectively.

C. Employing Bootstrapped Switches in nRERL Energy supply to the output Y1 in Fig. 4(a) is as follows.
] ) Wheng, 1 is rising, M; is off because both its source and drain
In the bootstrapped switch, the input must nestfully  gre high and its gate voltage is falling. Therefore, the node X1
without any edge overlapping to eliminate any nonadiabafigpoosted abovi,, and the node YO follows;.; exactly but
losses, as shown in the clock timing in Fig. 2(b). This conditiofhe node Y1 is charged iy — Vii,. Y1 is boosted abovEy
is often called the “retractile cascades” problem as it serioushhen g, , is rising. Although the gates of isolation transistors
limits the throughput of the circuit [13]. Therefore, we havgre not tied td/44, boosting is performed successfully, which is
to resolve the retractile cascades problem by using the proggbwn in Fig. 4(b).
clocking scheme as in other fully adiabatic circuits [3]-[6], Wheng;. ; rises toVg, the voltage of X1 is boosted bV
[10]. _ _ _ (=bV4a), which is high enough to pass the clock waveform, only
In NRERL, this problem is solved with the 6-phase clockeg the node X1 is high. Therefore, the full-swing condition of
power shown in Fig. 7(a). As shown in Fig. 4(a), the booty( js that X1 must be boosted to at least one threshold voltage

strapped switch in nRERL is slightly different from that inaboveV,, from Vyq — Vi, when X1 is high:
Fig. 2(a). Two logic paths are required for each logic stage in

nRERL: a forward logic path and its forward isolation switch (Vaa — Vi) + AVx > Vaa + Vi )
for energy supply, and a backward logic path and its backwar

isolation switch for energy recovery. A pulse that nests tﬁr erefore

pulse of the clock that drives its logic switch was generated mb > 2. (6)

by connecting an appropriate clock phase to the gate of each

isolation switch, as shown in Fig. 4(a). Consequently, we ddote thaté is a function ofm. If the condition (6) is not sat-

not need to use the retractile cascades clocked power. Howeisdied, the energy consumption is drastically increased because
we must use reversible logic to turn on the backward isolatidhe logic switchMp is turned off so that its equivalent turn-on
switch without any nonadiabatic loss by making the node Yi@sistance becomes large and there exists a significant leakage
equal to the node Y1. current flow.
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Fig.5. Energy consumption in a bootstrapped switch when the supply voltage and the boosting factor are changed, which was obtained from thdée®BBICE simu
In the test chip, we uséd,q of 3.5 V and a bootstrapped switch witlhs of 6.0.4m/0.8em and); of 1.44:m/0.8:m, which corresponds the positionsef = 4.73
andb = 0.84, which is marked with« in the figure.

shown in Fig. 4(c). Then, whep, ,; rises, the gate aflg can : part of the
be boosted high enough because its capacitance to the grour,__ Previous stage

When the fan-out of a logic stage is large or its wiring capa¢~~""""""""""" ! ¢ %o

itance is large, the condition (6) cannot be satisfied easily for‘ s l o' i im
givenm becausé gets smaller. To satisfy the full-swing con- - E L E S X
dition, we can increase the boosting fackdoy using a logic ! :X° : I i
switch with wider width. However, it also increases the enerc. : LM ,m ) M9
consumption in the previous stage because of its increased I« Mi4 E - :____‘j'__j M6 MI0
capacitance. We can solve this problem easily by msertmg —'_‘ :X" T -f=--
small nMOS transistaM as an additional isolation switch, as- E

i

1

only the diffusion capacitance ®&fr. The node waveforms and
ON-OFFdiagram of this switch are illustrated in Fig. 4(d).

We should properly size the three nMOS transistorg,, M
M,, and Mr, to optimize its energy consumption for a given
technology. Fig. 5 shows the energy consumption in a boct
strapped switch when the supply voltage and the boosting fac
are scaled. In this simulation, the minimum size of 4r/0.8
p#m was used for both M and M, and the boosting factor « «
was changed with the width of /1 The load capacitance of
the bootstrapped switch was equal to twice the gate capacital
of Mg. In Fig. 5, the dashed line of “mirb” implies the case
when the minimum-sized transistor is used fog Mvhich is (b)
determined by the given technology. Note that the minimal-efy. 6. nRERL. (a) Buffer. (b) Pipeline connection and energy-fl&w.G,
ergy consumption is obtained only in the region that satisfies thed H are forward functions of each logic stage, dnd*, G—*, andH —* are
full-swing condition in this simulation, as shown in Fig. 5.  heir backward functions, respectively.

sequence “11” are in Fig. 7(b). Here, we assume that the boot-
lll. NRERL strapped switches satisfy the full swing condition. They do not

have any abrupt voltage drop so that there is no nonadiabatic

loss. Reversible pipelining connection and energy-flow of

An nRERL buffer is in Fig. 6(a), and its 6-phase clock imRERL are shown in Fig. 6(b). Each gray arrow indicates the

in Fig. 7(a). The bootstrapped switches M1 and M2 (M3 arehergy-flow. The subscript of each signal indicates that when
M4) compose a forward (backward) logic function, whiclits corresponding clock phase is rising, the energy is supplied
determines a charging (discharging) path to one of the outpiatthe signal. For example, the rising supplies the energy to
nodes. The nMOS switches M5 and M6 (M7 and M8) ar&’;, whereas the falling; recovers the energy of;.
forward (backward) isolation switches, which isolate charging The operation of an nRERL buffer gate is as follows. Assume
(discharging) paths from the outputs. The clamp transistdfsat initially all the internal nodes except clocks are grounded.
M9 and M10 make an undriven output node grounded. Thuring the time intervally, the inputX, goes up toVy, —
waveforms of all the nodes in an nRERL buffer for an input;y,, which is driven through the forward isolation switch M11

A. Operation
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Fig. 7. Waveforms of (a) the 6-phase clocked power and (b) all the nodes in the buffer in Fig. 6(a).

in the previous stage. At the end @§, M1 is on, M11 is off 15 | : : : : : |
and M2 remains off. In addition, the forward isolation switches 9 : : ‘
M5 and M6 are on. During?, both X; and n1 become high
becausep, is rising and both M1 and M5 are on. However,
both X; and n2 are driven to ground because M2 is off and . ‘
the clamp device M10 is on. During this interval, nl rises to BTRIR'E : ‘T Dissipated energy
Vaaq Without any signal degradation becaukg is boosted to 5 ; (58 {1/ cycle)
higher thanV,yy + Vi, While ¢, is rising, which is the full- B L e e I maan
swing condition. HoweverX; is limited toVyq— Vi, due to the 18U 2u 256u 3u 35u 4u
isolation transistor M5. Durin, n3 rises td/;q becauseX; is Time (sec)
_bOOSted W_hllej)Q Is rising, and n4 is still at ground b_ecau_se M‘Lig. 8. Energy curve for a chain of six nRERL inverters obtained from SPICE
is off. Besides, M5 and M6 are turned off becauiges falling  simulation. The operating frequency is 1.0 MHz drigy = 5 V.
to isolate the outputs from the forward logic switches.
During 13, the falling ¢ discharges nl to ground becaus
M1 is still on, and makes the voltage &%, return toVyg — Vi,
due to the negative boosting effect of the falling Note that
even thoughys is rising toVy,, M7 is still off because its source
and drain voltages are not less tHdp, — Viy,. During 7y, n3
is discharged when- is falling because M3 is on, then M7 is
also turned on when n3 falls beloWyy — Vi,. There is no
nonadiabatic loss in M7 because the voltages of n3éndre
equal when M7 is turned on. After M7 is turned oK fol-
lows the falling¢.. At the same time, the voltage df; re-
turns toVyq — Vi, due to the negative boosting effect of th

Energy (pJ)

?nternal nodes between the clock source and the output are
recovered back to the clock source after the isolation switch
disconnects the intermediate node from the output. It is because
the inputs of a logic network are not changed at all until the
clock, which supplies the energy to the output node while
rising, is falling.

In Fig. 6(a), if a minimum-sized transistor is used for each
logic switch, the boosting factor may not be high enough be-
cause of the clamp transistors. This problem can be addressed

sing either of the methods of Section II.C. An alternative so-

falling ¢>. During 7, the reverse isolation switches M7 and M ution is to utilize two pairs of clamp transistors instead of one
are turned off to isolate both the grounded inputs from the rgt- the output: one in the forward path and the other in the back-

verse logic switches and to repeat six steps. Consequently, fﬁaéd path. For example, a pair of C"'?‘mp transistors is connected

6-phase cycle there is no nonadiabatic charging or discharg %tween n1 and n2 and another pair between n3 and n4.

loss at any node, including the internal nodes (n1-n4), as shown ) )

in Fig. 7(b), because the voltage difference between the two tBr- Reversible Logic

minals of a switch is always zero when it is turned on. However, The energy dissipation curve in Fig. 8 was obtained with

the gate voltage of an isolation switch is ramped up from 0 ®PICE simulation for a chain of six buffers. The clocked power

Vaa When the voltage difference between the drain and sourcejiges energy to the circuit and takes the energy back repeat-

nonzero (its drain and source voltage &g andVyq — Vi, re-  edly, as shown in Fig. 8. Although the nRERL buffer shown in

spectively). In this case, the isolation transistor is still off whil&ig. 6(a) is basically reversible, most of the Boolean gates are

its gate voltage is rising. It is turned on when its drain voltage i®t reversible. To recover the signal energy delivered through a

falling below V4 — Viup- forward logic path, we must construct its corresponding back-
There is no trap charge in the intermediate nodes in therd logic path, which is possible only for the reversible logic.

NRERL circuit such as that in Fig. 9. All the charges of th&herefore, we must convert each Boolean logic function to a
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TABLE | TABLE I
TRUTH TABLES OF A 2-INPUT REVERSIBLE XOR GATE. (&) FORWARD NUMBER OF TRANSISTORS IN AFULL ADDER FOR THESTATIC CMOS
TRUTH TABLE (Z = X XOR Y') (b) REVERSE TRUTH TABLE CIRCUIT AND FOUR ADIABATIC LOGIC CIRCUITS
Y2 = X XOR Z). X1 AND X3 ARE DELAYED
COPIES OFX AND Y5 IS A DELAYED COPY OFY #of #of tr's # of
nMOSs normalized required
Forward input XOR / pMOSs to CMOS clock rails
X Y X, V4 Static CMOS 14/14 1 1
0 0 0 0 2N-2N2P [2] 37/10 1.68 4
0 1 0 ] SCRL [3] 35/35 2.50 24
tRERL [4 - 6] 61/53 4.07 8
1 0 1 1
nRERL 61/0 2.18 6
1 1 1 0
(@)
Backward input XOR* 10 :
X, z X, Y, %
0 0 o | o 5 /
0 1 0 1 § 1  —a—c
a0
1 0 1 1 =
1 1 1 0 E o
) s \‘\ ’\A/A/ —o—~CMOS
>~ 0.1 | JE—
& : T —&— 2N-2N2P i
fo F —A— tRERL
—e— nRERL
9 ;. i ‘
| Forward logic ' Forward isolation 0.01 — e o
—————y  =—7——- switches 0.01 0.1 1 10 100
X Y
X J_ _L X, Frequency (M Hz)
Y Y4
IY Fig. 10. Energy consumption in a full adder for the static CMOS circuit and
_ _ three adiabatic circuits. These data were obtained from SPICE simulation.
Y Z
X T F X . -
CoX Y __ implemented with nMOS network as shown in Fig. 9. In a com-
plex NRERL gate, the time constant of the signal path increases
"""" X, :r'"zl'"""'if"" rapidly. Therefore, its adiabatic loss increases sharply, which is
v, | = ‘ proportional to the product of the time constant and the load ca-
pacitance. If the load capacitance is large, we can reduce energy
o 23 dissipation by using simpler gates instead of complex gates.
— Y2 m— As alogic function becomes complex, the circuit overhead re-
—1 T quired to keep reversibility is large. First, more garbage will be
Backward isolation L__} . b - required to make a complex logic function reversible in general.
b Baclwardlogie Second, each garbage bit in a complex logic function must be

kept until it is not required to recover the energy of other nodes.
It is because we partition a complex logic function into several
simpler ones and combine them via parallelism and cascading.
Furthermore, it is not obvious how to minimize the garbage in-
formation in a complex reversible logic.
reversible one. In reversible logic, input-to-output mapping is To reduce the overhead of reversible logic, we propose to
always one-to-one. Fortunately, we can make any Boolean fupgeak the reversibility of the circuit [5] by using an irreversible
tion reversible by adding some “garbage” information [14]. FQ{inction and a self-energy-recovering circuit (SERC) to recover
example, truth tables of a 2-input reversikier gate are shown the energy supplied to a node, which is an input to the irre-
in Table I. X; and X, which are delayed copies of X, areyersible function. The circuit overhead due to the garbage in-
garbage, and is a delayed copy of". formation can be reduced with the SERC. Therefore, we can
The true and complementary logic networks in a compleeduce the complexity of reversible logic by using the SERC
NRERL gate can be easily implemented with nMOS networkgthout increasing energy consumption if the nonadiabatic loss
just like those in the cascode voltage switch logic (CVSL). Fan the SERC is less than the energy saved from the reduction
example, a 2-input reversibkoRr gate and its reverse one aran circuit overhead resulting from using the SERC. However, if

Fig. 9. Two-input reversiblxor gate and its reverse on&’; and X, are
delayed copies of Xt is a delayed copy df . The clamp devices are omitted.
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Fig. 11. (a) Switching order that indicates how the inductor terminals are connected to two out of six clock rails. (b) Clocked power generatontaind its ¢
signals.

the operating speed is lower, the advantage of using the SERC IV. CLOCKED POWER GENERATOR

is diminished. The 6-phase clocked power was generated with a small con-

trol logic circuit and an off-chip inductor. The clocked power
C. Comparison with Other Logic Circuits generator (CPG) was efficient in energy consumption because
the inductor connection is changed only when the inductor cur-

The circuit complexity of four adiabatic logic circuits andrent is zero [5], [6]. Fig. 11(a) illustrates how the two nodes of
a static CMOS logic circuit was compared for a full addean inductor are connected to two out of six clock rails, which is
(Table 11). Both the number of transistors and the area in aepeated in every six steps. Assume that initidlly;, is at the
NRERL full adder are about twice those in a static CMOS furound state and.,isy; iS at Vaq. During 1y, Lies, and Lyighe
adder. The number of clock rails required in nRERL is thare connected t@, and ¢4, respectively, and thep, swings
minimum among the fully adiabatic circuits. from ground toV,4 and¢, swings fromV,, to ground simul-

The energy consumption of the full adder was also compartheously. Durind1, Lies, and Li;g1;, are connected t¢; and
for static CMOS logic, nRERL, tRERL [4]-[6], and 2N-2N2P¢, respectively, angy and¢, are clamped t&y4 and ground,
[2] when the supply voltage is 5V, as shown in Fig. 10. For atespectively, to make their states truly high or low. Each uncon-
transistors in all the circuits, only the minimum-sized transistorected clock rail is clamped to its own state.
of 1.4 1m/0.8 um was used except for nRERL's bootstrapped The block diagram of the clocked power generator is shown in
switch, Mg, which requires a size of 3,2m/0.8 xm in order Fig. 11(b). Note that the frequency of the reference clock must
to satisfy the full-swing condition. The minimum energy disbe six times that of the generated 6-phase clock. A clock rail
sipated in the nRERL full adder was about 50% of that in thdriver connects its corresponding clock rail to either terminal
tRERL as both the turn-on resistance of a bootstrapped switatthe inductor via transmission gates T1 and T2 or clamps the
and the load capacitance were reduced in the nRERL circudil to V4 or ground via M15 or M16, respectively. Its control
The area of an nRERL full adder was about 60% less than tis&gnals were generated with a mod-6 counter. The rail driver for
of the tRERL one. ¢o is also illustrated in Fig. 11(b).
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Fig. 13. Clock signal waveforms. ChLi.g. Ch2: L.z . Ch3:¢1. Chédigs.
Fig. 12. Photomicrograph of the test chip.

The measured waveforms of two clock rails generated with
The CPG is divided into two parts: the rail drivers that changhe clocked power generator are shown in Fig. 13. We confirmed
the inductor connection and the controller that generates the correct operation of the CPG only up to 5 MHz, with the ref-
control signals of the rail drivers. The rail drivers consist ofrence clock of 30 MHz, which is the highest frequency that can
12 transmission gates including T1 and T2 in Fig. 11(b), aré generated from our equipment. However, according to the
their energy consumption is adiabatic. The controller was iIr&PICE simulation the maximum operating frequency was about
plemented using static CMOS circuits, and its energy consung® MHz with its corresponding reference clock of 480 MHz.
tion is nonadiabatic. The measured data of energy dissipated in the 2400-stage in-
verter chain are shown in Fig. 14. In Fig. 14(a) and (b), the en-
ergy consumed of the CPG controller has been excluded. This
loss, which is nonadiabatic loss, does not depend on either the

A test chip was fabricated with 0,8m double-metal operating frequency or complexity of the nRERL circuit. The
n-well CMOS technology, which included a 2400-stagenergy dissipation of each circuit was measured at baih=
nRERL pipelined inverter chain with a CPG. The pipelinedV and its optimized supply voltage. The theoretical lower limit
inverter chain is the same as a shift register because nRE®Lthe supply voltage for the CMOS is 0.9, which was deter-
is dual-railed and micro-pipelined. The threshold voltages fined by the threshold voltage of the pMOS transistors. How-
nMOS and pMOS transistors are 0.74 an0.90 V, respec- ever, the optimized supply voltage of the static CMOS circuits
tively. Energy dissipation in the nRERL inverter chain anéPr proper operation must be higher than 0.9 V if the operating
that in the CPG can be measured separately in the test chiipguency is higher than 1 MHz.

A static CMOS 2400-stage inverter chain is also included in Energy consumption of the nRERL inverter chain with its
the test chip to allow fair comparison. In the static CMOEPG rail drivers was compared with that of the static CMOS
inverter chain, a flip-flop is inserted at every six stages, whidhverter chain with synchronous flip-flops as a function of the
is required for synchronous operation. Inserting a flip-flopperating frequency and supply voltage [Fig. 14(a)]. The input
every six inverters is an arbitrary choice of ours. Thereforpatterns were generated randomly. When the supply voltage of
energy dissipation in the static CMOS inverter chain and théte two circuits was 5 V, the nRERL circuit consumed 0.19%
in the pipeline flip-flops can also be measured separately abthe dissipated energy of a static CMOS circuit at the optimal
eliminate the effect of this arbitrariness. operating speed of 55 kHz. At very low operating frequencies,

Only minimum-sized device$¥/L = 1.4 um/0.8 um)were slower than 55 kHz, the consumed energy is increased because
used for both nMOS and pMOS transistors in all circuits, exhe leakage loss was dominant compared with the adiabatic loss.
cept for the bootstrapped switch transistors and the transisttitse supply voltage of each circuitis optimized, the nRERL cir-
of the rail drivers in the CPG. The size of the bootstrappeuiit consumed the minimum energy¥af; = 3.5 V at 55 kHz,
switch transistor wagl’/L = 6.0 zm/0.8 zm, which was op- which is 3.68% of the dissipated energy of a static CMOS cir-
timized for correct operation and minimal-energy dissipation auit atVyq = 0.9 V.

Vaa = 3.5 V. These are shown in Fig. 5. The transistors in the The energy consumption of the nRERL inverter chain was
rail drivers in the CPG are shown in Fig. 11. Fig. 12 showsaso measured excluding its CPG rail drivers, and then compared
photomicrograph of the test chip. The areas of the nRERL indth that of the conventional CMOS inverter chain excluding
verter chain, the CPG, and the static CMOS inverter chain dlig-flops [Fig. 14(b)]. WhenVy, = 5V, the nRERL circuit con-

2.7 x 2.0 mn?, 0.35 x 0.53 mm?, and2.0 x 1.4 mn?, respec- sumed 0.37% of the dissipated energy of a static CMOS circuit
tively. The area of the nRERL is approximately 1.9 times that 55 kHz. If the supply voltage of each circuit is optimized, the
for the inverter chain, excluding that of the CPG. NRERL circuit consumed the minimum energylat, = 3.5V

V. EXPERIMENTAL RESULTS AND DISCUSSIONS
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TABLE Il
ENERGY CONSUMPTION OF THEINVERTER CHAINS MEASURED SEPARATELY FOR EACH COMPONENT AT THE
OPTIMIZED SUPPLY VOLTAGE, WHICH IS SHOWN IN THE PARENTHESIS

Frequency
55 kHz 250 kHz 2 MHz
Each circuit part

Static CMOS inverter chain 27.0 plicycle (0.9 V) | 33.8 plicycle (1.0 V) 40.2 p¥/cycle (1.15 V)
circuit pipeline registers 76.5 pJcycle (0.9 V) | 95.8 p¥eycle (1.0V) | 113.9 plicycle (1.15 V)
inverter chain 1.2 plicycle (3.5 V) 4.3 plicycle (3.5 V) 19.0 pJ/cycle (3.5 V)

nRERL
o rail-drivers in CPG 2.6 pYicycle (3.5V) | 11.2 plicycle 3.5 V) 64.9 pl/cycle (3.5 V)

circuit
controller in CPG | 40.5 pJ/cycle (3.5V) | 40.5 plJ/cycle (3.5V) 40.5 pJ/cycle (3.5 V)

3 The energy dissipated in the inverter chain and flip-flops was
—a # % e 2 separately measured for the CMOS circuit at its optimal supply
voltage. Similarly, the energy dissipation of the inverter chain,
rail drivers, and the CPG controller separately for the nRERL in-
verter chain at its optimal supply voltage. The energy consumed
—a /Ao in the CPG is compared with that in the nRERL inverter chain at
{/’35 three operating frequencies, as shown in Table Ill. The energy
consumed in the CPG controller was 91.4% of the total energy
\ / dissipated in the nRERL circuit at 55 kHz as the complexity of
0.1 o —&—CMOS inv. + DIE(5V) ; the nRERL logic circuit was very low. However, this ratio is re-
E\\./ AT CMOSiav.* DIF(09-1.159) duced substantially if the complexity of the nNRERL circuit is
higher. Therefore, more careful optimization of the CPG is re-
quired when the complexity of an nRERL logic circuit is lower.
Itis also important to reduce the power consumption in the con-
troller part of the CPG, which is nonadiabatic loss, although it
@) becomes less significant if the complexity of the nRERL circuit
| I gets higher.

asfy=e CM OS inv. (5V) —d&— CM OS inv. (0.9~1.15V)
—O—nRERL inv. (5V) —e—nRERL inv. (3.5V)

0.1 le=—=n

Energy Consumption (nJ/cycle}

—0—nRERL inv. + CPG rail-driver(5V)
—e~nRERL inv. + CPG rail-driver(3.5V)
i

0.01 0.1 1 10

Frequency (M Hz)

VI. CONCLUSION

1 pa— L v L Bty A

We have introduced a new fully reversible adiabatic logic
I circuit, nRERL, with utilizing only nMOS transistors and a
o1 | 6-phase clocked power, which achieves significant area savings
g by exploiting bootstrapped switches. We have explained how
the bootstrapped switch is used to reduce nonadiabatic loss sub-
stantially and how its minimal-energy consumption is obtained

e s
0.01 K
%/ by supply voltage scaling. We also described an energy-effi-

Energy Consumption (n¥/cycle)

cient CPG. However, it requires more careful optimization for
the simpler nRERL circuits because of its nonadiabatic loss.

0.001

0.01 T 01 T .1 ' o 10 With simulations and evaluation of the test chip, we have con-
Frequency (M Hz) firmed that the proposed nRERL exhibits only adiabatic and
() leakage losses. A 2400-stage nRERL inverter chain consumed

! . . . %he minimum energy aty, = 3.5 V at 55 kHz, where the adi-
Fig. 14. Energy consumption in a 2400-stage inverter chain for the sta |% . L. o
CMOS logic and the nRERL. (a) nRERL inverter chain with the CPG angPatic and leakage losses are about equal, which is only 4.50%

the static CMOS inverter chain with pipeline registers. (b) nRERL invertagf the dissipated energy of its corresponding CMOS circuit at
chain and static CMOS inverter chain. For each circuit, we measure&it;at Vi = 09V
[Ydd = U.J V.

of 5 V and its minimal-energy supply voltage, which was 3.5 V for nRER . . . -
and 0.9-1.15 V for the static CMOS logic. Energy consumed in the CPG IN conclusion, nRERL is suitable for the energy-limited ap-

for nRERL and that in the pipeline registers for the static CMOS logic werglications such as implanted devices because its energy con-

included in (a) but not in (b). Although the theoretical lower limit of the suppl ; _
voltage for the CMOS is 0.9, which was determined by the threshold volta)éumptlon can be decreased down to the leakage-current level

e . ) o .
of pMOS transistors, the minimum supply voltage for the static CMOS circui?@.y reducing the operating frequency until adiabatic and leakage
must be higher than 0.9 V for proper operation if the operating frequencylgsses are equal. To make nRERL more competitive in the en-

higher than 1 MHz. ergy consumption, further research is required in how to reduce

the leakage current and how to design a more efficient CPG.
at 55 kHz, which is 4.50% of the dissipated energy of the CMO® this end, we are currently designing several complex circuits
version atVyq = 0.9 V. with nRERL such as a multiplier and a microprocessor.
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The test chip was fabricated with the help of IDEC program
Korea Advanced Institute of Science and Technology (KAIST!
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